Introduction {#s01}
============

Cells in all organisms from bacteria to eukaryotes are subject to a myriad of forces, such as stretching, compaction, tension, and shear stress. How cells respond to these forces dictates survival, with imbalances in this process leading to cell death. This phenomenon is well characterized in a number of physiological settings. Restricting the flow of air into the lungs (as frequently occurs in patients with severe asthma) triggers epithelial cells lining the airway to apoptose ([@bib9]). Similarly, too much force on the airway epithelium triggers cell death and lung injury and is a common side effect of patients on ventilators ([@bib41]; [@bib37]; [@bib31]). The association between disruptions in mechanical forces and increased cell death is not limited to epithelial cells. This phenomenon is well characterized in the cardiovascular system. Vessels with disturbed blood flow are predisposed to endothelial cell apoptosis ([@bib23]; [@bib18]). Despite the wealth of data suggesting that the amplitude of force impacts cell survival, factors that protect cells under force from cell death are not well described.

External forces are sensed by the cell surface receptors, such as integrins and cadherins. Epithelial cadherin (E-cadherin) binds to E-cadherins on neighboring cells and promotes cell--cell adhesion. In response to force, E-cadherin initiates a signaling cascade that culminates in increased cell stiffening and actomyosin contractility. Several of the signaling components of the signal transduction cascade from E-cadherin to elevated contractility have emerged. In response to force, liver kinase β1 recruits and activates AMP-activated kinase (AMPK; [@bib4]). Active AMPK stimulates Abelson kinase (Abl), which in turn phosphorylates vinculin Y822 ([@bib4]). Once phosphorylated, vinculin promotes RhoA activation and phosphorylation of myosin light chain, ultimately culminating in growth of the cadherin adhesion complex and reinforcement of the actin cytoskeleton-a process known as cell stiffening ([@bib4]). Despite this wealth of information, this pathway is incomplete. Key among the missing pieces is a link between the major regulator of metabolism, AMPK, and the contractility pathway initiated by Abl tyrosine kinase.

Several lines of evidence indicate that the serine/threonine kinase, p21-activated kinase 2 (PAK2), could be a link between AMPK and Abl. First, PAK2 localizes to the cell--cell junctions ([@bib14]) and stimulates the same types of actin-myosin cytoskeletal rearrangements that are necessary for cells to increase contractility ([@bib14]). Second, PAK2 is known to bind, phosphorylate, and activate Abl in vitro ([@bib21]). Third, PAK2 was identified as a potential substrate for AMPK in a chemical screen ([@bib1]). Thus, PAK2 may be an intermediate between AMPK and Abl in the E-cadherin mechanotransduction pathway.

In order for cells to withstand force, it is important that the mechanosignaling pathways also ensure the survival of cells. In addition to being a likely intermediate between AMPK and Abl, PAK2 plays a dual role in apoptosis ([@bib40]; [@bib14]). Full-length PAK2 localizes to cell--cell junctions and inhibits proapoptotic signaling by phosphorylating Bcl-2--associated death promoter (BAD) protein ([@bib19]; [@bib28]). In contrast, a constitutively active C-terminal fragment of PAK2 stimulates apoptosis. Whether PAK2 is pro- or anti-apoptotic is determined via PAK2 cleavage by caspases ([@bib40]). PAK2 is cleaved by caspase-3 at D212, which generates a constitutively active PAK2-p34, a C-terminal fragment that translocates to the nucleus ([@bib20]) and stimulates phosphorylation of a new set of substrates, which in turn promote programmed cell death.

Here, we report a novel mechanism regulating cell survival in response to mechanical force. We present evidence that force stimulates PAK2 activation in cell--cell junctions, where it links metabolic signaling by AMPK to an Abl-mediated cell contractility pathway. AMPK binding prevents PAK2 from cleavage and allows cells to survive low amplitudes of force. Upon exposure to higher amplitudes of force, PAK2 is no longer protected by AMPK from cleavage, and a C-terminal PAK2 fragment initiates programmed cell death by translocating to the nucleus---a response that is prevented in cells expressing a cleavage-resistant PAK2 protein. Thus, PAK2 is a force-sensitive protein that protects cells under force from death and plays a key role in linking force-induced mechanotransduction, metabolism, and cell survival.

Results {#s02}
=======

PAK2 is activated and recruited to the cadherin adhesion complex in response to force {#s03}
-------------------------------------------------------------------------------------

PAK2, a serine/threonine kinase with pro- and anti-apoptotic functions, is activated downstream of E-cadherin ([@bib14]), and phosphorylates myosin light chain ([@bib16]). This close association with E-cadherin and contractility mediators suggests that PAK2 might be sensitive to force. Based on this rationale, as a first measure of the effects of force on PAK2 activation, we treated human epithelial cells (MCF10A) with Calyculin A, a phosphatase inhibitor that increases myosin II phosphorylation and cellular contraction. Treatment with Calyculin A increased PAK2 activation as measured by PAK2 autophosphorylation at a serine required for its activation, i.e., serine 20 (Fig. S1 A) and at threonine 402 in its activation loop (Fig. S1 B). This effect was abrogated when PAK2 expression was inhibited with shRNAs against PAK2 (Fig. S1, A and B).

To determine whether a more physiological force could stimulate PAK2 activation, we applied shear stress (12 dynes/cm^2^ for 2 h) to MCF10A cells or human bronchial epithelial cells ([@bib39]). Shear stress increased PAK2 activation in both cell lines ([Fig. 1 A](#fig1){ref-type="fig"} and Fig. S1 C). Importantly, this increase was abrogated in cells expressing two different shRNAs against PAK2 (shPAK2 and shPAK2.2), but not in cells expressing a scrambled shRNA sequence (scPAK2; [Fig. 1 A](#fig1){ref-type="fig"}). The increased PAK2 phosphorylation required both force transmission and E-cadherin engagement, as treatment with blebbistatin (a myosin II inhibitor) or HECD-1 (an E-cadherin function--blocking antibody) prevented phosphorylation ([Fig. 1 B](#fig1){ref-type="fig"}). Additionally, the effects of shear were specific to PAK2, as shear had no effect on PAK1 activation (Fig. S1 D).

![**PAK2 is activated in response to force on E-cadherin and is recruited to the cadherin adhesion complex.** MCF10A cells (parental) or MCF10A cells expressing two different shRNAs against PAK2 (shPAK2 or shPAK2.2) or a scramble shRNA (scPAK2) were employed. **(A and B)** Shear stress increases PAK2 activation. The cells were left resting (−), or shear stress was applied (+). The cells were lysed, and the resulting lysates were immunoblotted with antibodies that recognize phosphorylated PAK2 (pPAK2) or p34 as a loading control and then stripped and reprobed with antibodies that recognize total PAK2 levels; *n* = 3. **(C)** Direct application of force on E-cadherin stimulates PAK2 activation. Magnetic beads coated with cadherin extracellular domains were incubated with the cells, and tensile force was applied using a ceramic magnet. Lysates were blotted as described in A; *n* = 3. **(D and E)** pPAK2 colocalizes with E-cadherin (but not paxillin) in response to force. Shear stress was applied to cells. The cells were fixed, permeabilized, and stained with antibodies against pPAK2 and E-cadherin (Ecad) to visualize cell--cell adhesions (D, *n* = 50), or pPAK2 and paxillin to visualize cell--matrix adhesions (E, *n* = 50). Colocalization of the two proteins was assessed using confocal microscopy; scale bar = 10 µm. An average Pearson correlation coefficient from three independent experiments ± SEM is reported beneath the images. **(F and G)** Force stimulates PAK2 recruitment to E-cadherin. Tensile forces were applied as described in C. The magnetic beads were recovered (F, *n* = 3) or PAK2 was immunoprecipitated (G, *n* = 3), and the coprecipitating levels of PAK2 or E-cadherin were examined by immunoblotting. In A--C, F, and G, representative immunoblots are shown in each panel; the graphs beneath each panel represent the quantification from three independent experiments. \*, P \< 0.05. Blebbistatin (Blebbi) corresponds to cells pretreated with a myosin II inhibitor, and HECD-1 indicates cells pretreated with an E-cadherin function blocking antibody.](JCB_201807152_Fig1){#fig1}

Our observation that the shear stress--induced activation of PAK2 could be blocked by E-cadherin function--blocking antibodies suggests a key role for E-cadherin. To test whether direct application of force on E-cadherin stimulates PAK2, we employed a well-established approach that we and others have used to apply force directly to adhesion receptors ([@bib39]; [@bib17]; [@bib10]; [@bib2]; [@bib3]; [@bib22]). Briefly, magnetic beads coated with E-cadherin extracellular domains were incubated with cells. A permanent ceramic magnet was then used to apply a tensile force to the beads. Previous studies using this approach demonstrated that the results obtained are specific to beads coated with cadherin extracellular domains, as force on beads coated with ligands of other adhesion receptors does not elicit cell contractility ([@bib3], [@bib4]). Using this approach, application of force increased PAK2 phosphorylation by threefold ([Fig. 1 C](#fig1){ref-type="fig"}). The force-dependent activation of PAK2 was inhibited by pretreatment of cells with myosin II inhibitor (blebbistatin; [Fig. 1 C](#fig1){ref-type="fig"}) or E-cadherin function--blocking antibodies (HECD-1; [Fig. 1 C](#fig1){ref-type="fig"}). Taken together, these data indicate that force on E-cadherin stimulates PAK2 activation.

We examined whether force on E-cadherin induces PAK2 recruitment to the cadherin adhesion complex. To test this possibility, we first examined colocalization of PAK2 and active PAK2 with E-cadherin in cells left resting or subjected to shear stress for 2 h at 12 dynes/cm^2^. Shear stress triggered increased PAK2 (Fig. S1 E) and active PAK2 localization ([Fig. 1 D](#fig1){ref-type="fig"}) to E-cadherin--containing cell--cell junctions. In contrast, neither active PAK2 nor PAK2 were recruited to focal adhesions in response to force ([Fig. 1 E](#fig1){ref-type="fig"} and Fig. S1 F). As a second measure of PAK2 recruitment to E-cadherin, we applied tensile force to magnetic beads coated with cadherin extracellular domains and monitored PAK2 recruitment to the beads. We observed that PAK2 was recruited to the E-cadherin extracellular domain--coated beads in a force- and E-cadherin--dependent manner ([Fig. 1 F](#fig1){ref-type="fig"}). Similar binding to E-cadherin was observed in PAK2 immunoprecipitates obtained from cells with tensile force applied directly to the E-cadherin extracellular domain ([Fig. 1 G](#fig1){ref-type="fig"}). Taken together, these studies demonstrate that force stimulates PAK2 activation and recruitment to the cadherin adhesion complex.

PAK2 binds directly to AMPK and Abl {#s04}
-----------------------------------

We sought to gain insight into whether PAK2 is a component of a known E-cadherin contractility pathway. This signaling cascade is initiated when force triggers E-cadherin to activate AMP-activated protein kinase (AMPK). Active AMPK stimulates an unknown signal transduction cascade culminating in Abelson (Abl)-mediated phosphorylation of vinculin Y822 and the subsequent activation of RhoA-mediated contractility, cell stiffening, and glucose uptake ([@bib3], [@bib4]). There is evidence consistent with PAK2 mediating the unknown step between AMPK and Abl ([@bib34]; [@bib21]). Based on this rationale, we investigated whether PAK2 was an intermediate between AMPK and Abl. To probe this interaction, we applied tensile force to parental cells and shPAK2 cells, immunoprecipitated AMPK, and analyzed coprecipitating levels of PAK2 and Abl. In response to force, Abl and PAK2 coprecipitated with AMPK ([Fig. 2 A](#fig2){ref-type="fig"}). Importantly, the interaction between AMPK and Abl was lost in cells with depressed levels of PAK2, supporting the notion that PAK2 lies between AMPK and Abl ([Fig. 2 A](#fig2){ref-type="fig"}).

![**PAK2 directly binds AMPK, and AMPK is required for PAK2 activation and recruitment. (A)** PAK2 and Abl coimmunoprecipitate with AMPK. MCF10A parental or shPAK2 cells were left resting (−), or tensile forces were applied (+) as described in the legend of [Fig. 1 C](#fig1){ref-type="fig"}. AMPK was immunoprecipitated, and the coprecipitating levels of PAK2 or Abl were examined by immunoblotting; *n* = 3. **(B)** PAK2 binds directly to AMPK. Increasing amounts of recombinant His-AMPK were incubated with or without GST-PAK2. The bound protein complexes were isolated and analyzed by immunoblotting; *n* = 3. **(C)** PAK2 recruitment to the cadherin adhesion complex requires AMPK. MCF10A or MCF10A cells expressing different shRNAs against AMPK (shAMPK and shAMPK.2) or a scramble shRNA against AMPK (scAMPK) were left resting (−), or tensile forces were applied (+). Recruitment of PAK2 beneath the E-cadherin--coated beads was assessed by immunoblotting; *n* = 3. **(D)** PAK2 activation requires AMPK. Shear stress was applied (+) to the indicated cell lines, and PAK2 activation was monitored; *n* = 3. Representative immunoblots are shown in each panel, and the graphs beneath the blots represent the quantification of the average amount of protein normalized to a loading control (Ecad) from three independent experiments. \*, P \< 0.05.](JCB_201807152_Fig2){#fig2}

To test for direct binding, we first performed an in vitro binding assay with recombinant Abl and PAK2. For this, 0 or 1.0 µg of Abl was incubated with 0.5 µg of GST-tagged PAK2 in solution. The GST-PAK2 was recovered, and the coprecipitating levels of Abl were examined by immunoblotting or Coomassie blue staining. We found that recombinant Abl bound to PAK2 (Fig. S2 A) and in an approximately equal ratio (Fig. S2 B). We next examined binding between recombinant PAK2 and AMPK. For this, 0.5 µg of GST-PAK2 was incubated with 0, 0.5, or 1.0 µg of recombinant AMPK in solution, and the complexes were recovered, washed, and detected by immunoblotting with antibodies that recognize PAK2 and AMPK or by staining the gels with Coomassie blue. PAK2 bound directly to AMPK ([Fig. 2 B](#fig2){ref-type="fig"}) and in an apparently equal molar ratio (Fig. S2 C). Moreover, we observed a 3.7-fold increase in PAK2 phosphorylation in the presence of AMPK, suggesting that PAK2 is a direct substrate for AMPK (Fig. S2 D).

We next investigated whether AMPK was required for force-induced PAK2 activation and recruitment to the cadherin adhesion complex. We monitored recruitment of PAK2 to magnetic beads coated with E-cadherin extracellular domains in parental cells or two different cell lines in which AMPK expression was suppressed using shRNAs (shAMPK and shAMPK.2). Cells expressing a scramble shRNA (scAMPK) were employed as an additional control. The levels of AMPK in each cell line are shown in Fig. S2 E. PAK2 was robustly recruited to the E-cadherin--coated magnetic beads isolated from the parental cells and the cells expressing the scramble sequence. In contrast, inhibition of AMPK suppressed PAK2 recruitment to the magnetic beads ([Fig. 2 C](#fig2){ref-type="fig"}). Similarly, we observed that PAK2 was robustly phosphorylated in the parental and scramble-expressing cell lines, and AMPK inhibition abrogated this effect ([Fig. 2 D](#fig2){ref-type="fig"}). As a second measure of PAK2 recruitment, we examined colocalization of PAK2 with E-cadherin in cell--cell junctions in cells pretreated with Compound C, a widely employed cell-permeable inhibitor of AMPK. Inhibition of AMPK prevented PAK2 colocalization with E-cadherin in cell--cell contacts (Fig. S1 E). Taken together, these findings suggest that AMPK binds, phosphorylates, and recruits PAK2 to the cadherin adhesion complex, where it binds directly to Abl tyrosine kinase.

PAK2 lies in an E-cadherin mechanosignaling pathway culminating in increased contractility and cell stiffening {#s05}
--------------------------------------------------------------------------------------------------------------

Our observation that PAK2 binds directly to Abl suggests it may lie upstream of Abl in an E-cadherin contractility pathway culminating in cell stiffening ([Fig. 3 A](#fig3){ref-type="fig"}). To determine whether PAK2 is a component of the contractility pathway, we applied force to parental or shPAK2 cells and monitored downstream Abl activation. As an indicator of Abl activation, we analyzed phosphorylation of the Abl substrate, CrkL, at the Abl-specific site. Application of shear stress in parental cells stimulated CrkL phosphorylation, and loss of PAK2 abrogated force-induced CrkL phosphorylation (Fig. S2 F). Thus, the E-cadherin mechanosignaling pathway requires PAK2.

![**PAK2 is required for force-induced glucose uptake and increased contractility. (A)** An E-cadherin signaling pathway culminating in elevated contractility. **(B)** Inhibition of PAK2 impairs force induced glucose uptake. The amount of a fluorescently labeled 2-deoxyglucose analogue taken up by the indicated MCF10A cell lines was monitored. The graphs represent average glucose uptake for at least nine representative experiments ± SEM; *n* = 9. **(C--E)** PAK2 is required for reinforcement of cell--cell junctions and the actin cytoskeleton. MCF10A cells (parental) or MCF10A cells expressing two different shRNAs against PAK2 (shPAK2 or shPAK2.2) or a scramble shRNA (scPAK2) were left resting (no shear) or shear stress was applied. The cells were stained with antibodies that recognize E-cadherin (Ecad) or Texas-Red phalloidin and examined by confocal microscopy (C, *n* = 50). The correct fluorescence intensity of E-cadherin (D, E-cad, *n* = 50) or F-actin (E, *n* = 50) in cell--cell junctions are represented by a box-and-whisker plot with median, 10th, 25th, 75th, and 90th percentiles indicated. Scale bars = 10 µM. **(F)** PAK2 is required for adaptive cell stiffening. Pulses of force were applied to E-cadherin--coated magnetic beads that were incubated with parental (*n* = 90) or shPAK2 (*n* = 90) cells. Experiments are the relative means ± SEM normalized to the first pulse. \*, P \< 0.05 for all panels.](JCB_201807152_Fig3){#fig3}

E-cadherin mechanosignaling increases stimulate glucose to be taken up into the cell and oxidized to ATP so that the cell has the energy necessary to support the actin cytoskeletal rearrangements necessary to resist forces applied to the cell ([@bib4]). To determine if PAK2 is required for the uptake of glucose, shear stress was applied to cells, and the uptake of a fluorescently labeled, nonhydrolyzable 2-deoxyglucose was monitored. Force stimulated a 2.5-fold increase in glucose uptake. In contrast, force did not stimulate the uptake of glucose in cells with depressed PAK2 levels ([Fig. 3 B](#fig3){ref-type="fig"}). We next examined whether the loss of PAK2 disrupts reinforcement of the actin cytoskeleton. Parental cells, shPAK2, shPAK2.2, and scPAK2 cells were subjected to shear stress, fixed, permeabilized, and stained for E-cadherin and actin. In parental and scPAK2 cells, shear stress induced robust enrichment of E-cadherin and actin at cell--cell junctions ([Fig. 3, C--E](#fig3){ref-type="fig"}). In contrast, shPAK2 and shPAK2.2 cells did not display force-induced enrichment of E-cadherin or actin ([Fig. 3, C--E](#fig3){ref-type="fig"}). The effects of force were also abrogated by preincubation of the cells with blebbistatin ([Fig. 3, C--E](#fig3){ref-type="fig"}). Thus, PAK2 is required for glucose uptake and reinforcement of the actin cytoskeleton.

To determine whether loss of glucose uptake and reinforcement of the actin cytoskeleton directly affects the physiology of the cell, we measured adaptive cell stiffening. For this, we applied tensional forces (using 3D force microscopy to paramagnetic beads coated with antibodies or ligands to endogenous proteins). Using this approach, pulses of force are applied to the bead, and the cells respond by increasingly resisting bead displacement. In good agreement with published studies, pulses of force applied to parental cells triggered a significant decrease in pulse-to-pulse bead displacement, indicative of force-dependent adaptive stiffening ([@bib3]; [Fig. 3 F](#fig3){ref-type="fig"}). In contrast, when force was applied to E-cadherin in the shPAK2 cells, there was a lack of reinforcement in response to pulses of force ([Fig. 3 F](#fig3){ref-type="fig"}). Collectively, these data indicate that PAK2 is required for E-cadherin mechanotransduction and cell stiffening.

PAK2 mediates survival in cells under tension {#s06}
---------------------------------------------

There is some evidence that PAK2 counteracts apoptotic stimuli ([@bib14]). Based on this rationale, we examined the effect that loss of PAK2 has on cell death. Cells were subjected to shear stress, and apoptosis was examined by monitoring the levels of the proapoptotic marker, Bad, and the number of annexin V--positive cells. Application of force to the parental cells did not significantly alter the number of annexin V--positive cells. In contrast, inhibition of PAK2 increased annexin V positivity in a force-dependent manner ([Fig. 4 A](#fig4){ref-type="fig"}). Similarly, shear stress had no significant effect on Bad levels in parental cells or scPAK2 cells ([Fig. 4 B](#fig4){ref-type="fig"}). In contrast, application of shear stress to the cells lacking PAK2 increased Bad levels ([Fig. 4 B](#fig4){ref-type="fig"}). Importantly, this increase in Bad levels was blocked by preincubation of the cells with the E-cadherin function blocking antibody, HECD1 ([Fig. 4 C](#fig4){ref-type="fig"}), indicating an essential role for this adhesion receptor. In further support of a role for E-cadherin, direct application of force to this adhesion receptor in parental cells using the magnetic bead approach did not change apoptosis ([Fig. 4 D](#fig4){ref-type="fig"}). In contrast, the force-stimulated Bad levels were increased in the shPAK2 cells ([Fig. 4 D](#fig4){ref-type="fig"}). Finally, to ensure that the increased apoptosis was specific to loss of PAK2 and not related to the overall health of the cells, we sickened cells by treatment with increasing doses of etoposide, a DNA-damaging agent, and investigated whether force increased apoptosis. At all doses examined, the levels of Bad did not increase when the cells were pretreated with etoposide ([Fig. 4 E](#fig4){ref-type="fig"}). Hence, PAK2 protects cells exposed to force from death.

![**PAK2 protects cells under force against cell death.** Shear stress (A--C and E) or tensile forces (D) were applied to MCF10A cells (parental) or MCF10A cells expressing two different shRNAs against PAK2 (shPAK2 and shPAK2.2) or MCF10A cells expressing a scramble shRNA against PAK2 (scPAK2). **(A--D)** PAK2 protects against apoptosis. In A, cells were lifted off dishes, washed with PBS, and stained with APC-annexin V, and the number of positive cells was scored using flow cytometry. The percentage of annexin V--positive cells in the presence or absence of shear is shown; *n* = 3. In B--D, whole-cell lysates were immunoblotted with antibodies against the proapoptotic marker, Bad, and a loading control; *n* = 3 (Ecad). **(E)** The cells were treated with increasing concentrations of etoposide to sicken the cells before application of force with the goal of demonstrating that cells under force were not dying because they are sicker; *n* = 3. The graphs beneath the immunoblots in B--E show the average ± SEM for three independent experiments. \*, P \< 0.05.](JCB_201807152_Fig4){#fig4}

All the studies we performed thus far were done using 12 dynes/cm^2^ of force, which is the amount of force that endothelial cells experience from the flow of blood or in response to airflow ([@bib33]; [@bib39]; [@bib13]). In the body, cells do not die upon experiencing this amplitude of force; rather apoptosis occurs only when higher levels of force are applied ([@bib42]; [@bib6]; [@bib33]; [@bib25]). To determine if we could mimic the effect of force on apoptosis, MCF10A cells were exposed to increasing levels of orbital shear stress, ranging from no force (0 rpm = 0 dynes/cm^2^) to high levels of physiological force (400 rpm = 27 dynes/cm^2^). Exposure of MCF10A cells to this amount of force and larger has been routinely employed in previous studies ([@bib8]; [@bib38]; [@bib32]; [@bib29]; [@bib15]). Importantly, the maximum force amplitudes we employ in this study are a magnitude lower than the amount of force epithelial cells experience during coughing or peristalsis ([@bib33]; [@bib13]; [@bib7]).

In the absence of force or in the presence of low levels of force, Bad levels were consistently low in MCF10A cells, indicating little to no cell death. As the level of force increased past 12 dynes/cm^2^ (200 rpm), Bad levels increased ([Fig. 5 A](#fig5){ref-type="fig"}). This observation is in good agreement with numerous previous studies indicating that high levels of physiological force trigger apoptosis ([@bib6]; [@bib33]; [@bib25]). Because the data in [Fig. 4](#fig4){ref-type="fig"} indicated that PAK2 protects against apoptosis, we examined PAK2 activation in response to orbital shear stress ranging from 0 to 27 dynes/cm^2^. In the absence of force, PAK2 activation was low and gradually increased until it reached a peak at physiological levels (200 rpm or 12 dynes/cm^2^; [Fig. 5 B](#fig5){ref-type="fig"}). After physiological levels of force were reached, PAK2 activation began to diminish until it reached basal levels at 300 rpm or 19 dynes/cm^2^. These observations indicate that when PAK2 is active, apoptosis is low, and when PAK2 is inactive, apoptosis increases.

![**High levels of physiological force induce apoptosis by stimulating PAK2 inactivation and cleavage. (A--C)** Forces stimulate apoptosis, PAK2 inactivation, and cleavage. MCF10A cells were subjected to different amplitudes of orbital shear stress ranging from 0 to 400 rpm (27 dynes/cm^2^). In A, high physiological forces stimulate apoptosis. The cells were lysed, and lysates were immunoblotted with antibodies against Bad or a loading control; *n* = 3. In B, high physiological forces trigger PAK2 inactivation. The lysates were immunoblotted with antibodies against phospho-PAK2, PAK2, or a loading control; *n* = 3. In C, high physiological forces promote PAK2 cleavage. Lysates were immunoblotted with antibodies against cleaved PAK2 or a loading control; *n* = 3. The graphs beneath the images show the average ± SEM for three independent experiments. \*, P \< 0.05.](JCB_201807152_Fig5){#fig5}

Cleaved PAK2 stimulates apoptosis, and AMPK protects against cleavage {#s07}
---------------------------------------------------------------------

We consistently noticed a decrease in total PAK2 levels as the amount of force applied was elevated past 12 dynes/cm^2^ ([Fig. 5 B](#fig5){ref-type="fig"}). It is well established that PAK2 is cleaved in response to death stimuli and translocates to the nucleus, where it stimulates transcription of apoptotic genes ([@bib40]). Based on this rationale, we investigated the effects of force on PAK2 cleavage using an antibody that recognizes the truncated product. Little to no cleaved PAK2 was observed in cells under physiological levels of force ([Fig. 5 C](#fig5){ref-type="fig"}). However, as the amplitude of the force was increased past 300 rpm (19 dynes/cm^2^), PAK2 cleavage dramatically elevated ([Fig. 5 C](#fig5){ref-type="fig"}). Consistent with previous studies, the level of cleavage was directly related to the extent of apoptosis ([Fig. 5, A and C](#fig5){ref-type="fig"}; [@bib40]).

Cleavage-resistant forms of PAK2 survive all amplitudes of force {#s08}
----------------------------------------------------------------

Our results indicate a key role for PAK2 cleavage in mediating the apoptotic response of cells experiencing high forces. To test whether PAK2 cleavage is essential for force-induced apoptosis, we generated a cleavage-resistant D212E PAK2 and expressed it in MCF10A cells with depressed levels of PAK2. As a control, we rescued the PAK2 knockdown cells with human PAK2 (WT). Immunoblotting of cell lysates revealed that the mutant PAK2 was expressed ([Fig. 6 A](#fig6){ref-type="fig"}), activated ([Fig. 6 B](#fig6){ref-type="fig"}), and stimulated downstream signaling ([Fig. 6 C](#fig6){ref-type="fig"}) to WT levels. In contrast with cells expressing WT PAK2, no PAK2 proteolysis was observed in cells expressing the D212E cleavage-resistant protein even when high amplitudes of force were applied ([Fig. 6 D](#fig6){ref-type="fig"}). To test whether the cleavage-resistant mutant protected cells from death, increasing levels of shear stress were applied to cells and Bad levels were monitored via immunoblotting or the percentage of annexin V--positive cells was determined. When physiological ([Fig. 6 E](#fig6){ref-type="fig"}) and elevated ([Fig. 6 F](#fig6){ref-type="fig"}) levels of force were applied, cells expressing cleavage-resistant PAK2 did not have elevated levels of Bad or annexin V positivity ([Fig. 6, E--G](#fig6){ref-type="fig"}). Collectively, these data indicate that preventing PAK2 cleavage protects cells against death.

![**Cleavage-resistant PAK2 protects against force-induced apoptosis.** MCF10A cells (parental), MCF10A cells expressing a shRNA against PAK2 (shPAK2), or MCF10A shPAK2 cells reexpressing a cleavage resistant D212E mutant or a WT version of PAK2 were left resting (−), subjected to physiological levels of shear stress (+), or subjected to the indicated amplitudes of shear stress. **(A)** The cleavage-resistant mutant PAK2 and WT PAK2 are expressed at endogenous levels in the shPAK2 cells. The levels of PAK2 in cell lysates were examined by immunoblotting; *n* = 3. **(B and C)** PAK2 activation and downstream signaling are unaffected by the D212E mutation. Lysates were immunoblotted with antibodies that recognize: phosphorylated PAK2 as an indicator of activation (B, *n* = 3) or phosphorylated CrkL (pCrkL) at the Abl-specific sites as an indicator of downstream Abl signaling (C, *n* = 3). The immunoblots were then stripped and reprobed with antibodies that recognize the total protein levels or a loading control. **(D)** A cleavage-resistant mutant PAK2 was not cleaved even at high amplitudes of force. Cells were subjected to the indicated amplitudes of shear stress, and the levels of cleaved PAK2, total PAK2, or a loading control were examined by immunoblotting; *n* = 3. **(E--G)** The cleavage-resistant mutant PAK2 protects against apoptosis at physiological (E, *n* = 3) and high physiological (F and G) forces; *n* = 3. Cells were subjected to the indicated amplitudes of shear stress, and the levels of the proapoptotic marker Bad were examined by immunoblotting. In G, shear stress was applied. The cells were lifted, washed with PBS, and stained with APC-annexin V. The number of positive cells was scored using flow cytometry; *n* = 3. In all panels, the graphs beneath the image show the average ± SEM for three independent experiments. \*, P \< 0.05.](JCB_201807152_Fig6){#fig6}

AMPK protects PAK2 against cleavage and the subsequent force-induced apoptosis {#s09}
------------------------------------------------------------------------------

Our data in [Fig. 2](#fig2){ref-type="fig"} indicate that AMPK recruits PAK2, and previous work suggests that binding partners may protect PAK2 from cleavage ([@bib24]). Based on this rationale, we first tested if AMPK protects cells under force from cleavage. For these studies, we treated parental, shAMPK, shAMPK.2, and scAMPK cells with physiological levels of force and monitored PAK2 cleavage. No change in PAK2 was noted in parental or scAMPK cells exposed to physiological levels of shear stress ([Fig. 7 A](#fig7){ref-type="fig"}). In contrast, cells lacking AMPK show modest, but statistically insignificant, elevations in PAK2 cleavage in the absence of force and robust increases in PAK2 cleavage upon exposure to force, suggesting that AMPK may protect PAK2 from cleavage ([Fig. 7 A](#fig7){ref-type="fig"}). Cleaved PAK2 is known to translocate to the nucleus and promote transcription of proapoptotic genes. Therefore, we subjected parental, shAMPK cells, and scAMPK cells to shear stress and monitored cleaved PAK2 colocalization with the nucleus. In response to shear stress, cleaved PAK2 localizes in and around the nucleus in shAMPK cells only as visualized by staining with DAPI and an antibody that recognizes cleaved PAK2 ([Fig. 7 B](#fig7){ref-type="fig"}). To directly test whether AMPK can protect PAK2, we incubated recombinant PAK2 with caspase 3 (the PAK2 cleavage enzyme) in the presence or absence of recombinant AMPK. In the absence of AMPK, PAK2 was readily cleaved by caspase 3 ([Fig. 7 C](#fig7){ref-type="fig"} and Fig. S2 H). In contrast, preincubation with AMPK prevented PAK2 proteolysis ([Fig. 7 C](#fig7){ref-type="fig"} and Fig. S2 H). This effect was specific for AMPK, as addition of another protein, BSA, did not prevent caspase cleavage ([Fig. 7 C](#fig7){ref-type="fig"} and Fig. S2 I). Also of note, AMPK phosphorylation was high in cells under physiological levels of force and decreased as the amplitude of the force increased, suggesting that PAK2 protection from cleavage requires AMPK activation (Fig. S2 G). Collectively, these data indicate that cells experiencing physiological levels of force do not undergo cell death, because AMPK ensures PAK2 integrity and activation. In contrast, cells experiencing higher amplitudes of force apoptose, because PAK2 is unprotected, cleaved, and inactivated.

![**AMPK protects PAK2 against cleavage. (A)** AMPK protects PAK2 against cleavage in cells. MCF10A cells, MCF10A cells expressing shRNAs against AMPK (shAMPK, shAMPK.2), or MCF10A cells expressing a scramble shRNA against AMPK (scAMPK) were subjected to physiological levels of shear stress, i.e., 12 dyens/cm^2^. The levels of cleaved PAK2 were examined by immunoblotting with an antibody that recognizes cleaved PAK2; *n* = 3. **(B)** Cleaved PAK2 localizes in and around the nucleus in cells lacking AMPK. Parental, shAMPK cells, and scAMPK cells were left resting (no shear) or subjected to shear, fixed, permeabilized, and stained with an antibody that recognizes cleaved PAK2 and DAPI; *n* = 50. An average Pearson correlation coefficient from three independent experiments ± SEM is reported beneath the images. **(C)** AMPK specifically protects PAK2 from cleavage in vitro. Recombinant PAK2 was incubated with recombinant caspase 3 in the absence (−) or presence (+) of recombinant AMPK or in the absence (−) or presence (+) of BSA. The resulting products were separated on a gel and visualized using Coomassie staining; *n* = 3. **(D and E)** Constitutively active and cleavage resistant forms of PAK2 bypass the requirement for AMPK protection in cells. WT PAK2, cleavage resistant (D212E) PAK2, or constitutively active (T402E) PAK2 were overexpressed in MCF10A cells with depressed levels of AMPK (shAMPK). In D, lysates were immunoblotted with antibodies against PAK2 and AMPK to reveal the level of each expressed protein and a loading control (p34); *n* = 3. In E, the cells were left resting or subjected to shear stress (200 rpm), and lysates were immunoblotted with antibodies against Bad or a loading control; *n* = 3. The graphs beneath the image show the average ± SEM for three independent experiments. \*, P \< 0.05.](JCB_201807152_Fig7){#fig7}

These observations suggest that AMPK regulates force-induced apoptosis by virtue of its ability to activate and protect PAK2 against proteolysis. To test this possibility directly, we determined if constitutively active or cleavage-resistant PAK2 could overcome the requirement for AMPK in cells. For this, we overexpressed WT, constitutively active (T402E), or cleavage-resistant (D212E) PAK2 in MCF10A cells and cells lacking AMPK (shAMPK) to a similar extent ([Fig. 7 D](#fig7){ref-type="fig"}) and examined the effect of force on apoptosis. When low levels of force were applied to cells lacking AMPK and expressing WT PAK2, Bad levels were elevated ([Fig. 7 E](#fig7){ref-type="fig"}). In contrast, application of force to cells expressing the cleavage-resistant or constitutively active PAK2 did not undergo apoptosis in response to force ([Fig. 7 E](#fig7){ref-type="fig"}). Thus, the requirement for AMPK can be overcome by expression of PAK2 proteins that are constitutively active or cleavage resistant. Taken together, these data indicate that PAK2 is a mechanoprotective factor whose function is controlled by AMPK.

Discussion {#s10}
==========

Many studies have focused on how cells respond to force, with little attention paid to how this event is integrated with other cellular processes, such as cell survival. At the outset of this work, we were motivated to identify factors that protect cells under force from death. Here, we demonstrate that a consequence of force on E-cadherin is recruitment and activation of PAK2. PAK2 lies upstream of E-cadherin contractility and cell stiffening and is an important determinant of cellular apoptosis. Together, these observations led us to suggest that this interaction is one way that E-cadherin mechanotransduction is linked to cell survival. Further evidence supporting this idea comes from our studies of mutant PAK2s. Whereas AMPK binds and protects PAK2 from proteolysis to ensure cell survival under low forces, higher amplitudes of force stimulate the cleavage of PAK2 and increased phosphorylation of substrates, leading to programmed cell death. This concept is further supported by our findings that cleavage-resistant forms of PAK2 survive even the highest of forces applied to cells. Taken together, these data indicate that epithelial cells under strain are protected from death by PAK2. One advantage of a protection mechanism may be to allow the epithelium to adapt to fluctuations in mechanical load and the metabolic demands of responding to it, while maintaining homeostasis and preventing the loss of structure and function.

This work is innovative because it provides a mechanism for how cells under force are protected from cell death. That mechanism involves AMPK-mediated activation and protection of PAK2 at low levels of force; and at higher levels of force, a PAK2 susceptibility to proteolysis and the initiation of a proapoptotic cascade. In the course of identifying a mechanism, we also made the advanced observation that mechanosignaling is controlled by the amplitude of force applied to cells. Many studies report mechanosignaling pathways with little attention to the amplitude of force or the transient nature of the signaling response. The new information in this study calls for more attention to complexities of mechanosignaling response.

We considered the possibility that some of our effects could be the result of an effect of PAK2 on cell--matrix adhesions. Many early studies indicate a role for group I PAK family members, including PAK1, PAK2, and PAK3, in modulating cytoskeletal reorganization, membrane protrusion, cell adhesion, and focal adhesion dynamics. Because the vast majority of these early studies employed pan antibodies that recognize at least PAK1--3, the contribution of each PAK family member to these events emerged later. From this work, we now know that PAK1 and PAK2 do not have overlapping functions. Additionally, PAK1 plays a critical role in cell--matrix adhesions. In fibroblasts, Pak1 is localized to the leading edge of migrating cells and regulates lamellipodial protrusion ([@bib35], [@bib36]) and the assembly and disassembly of focal adhesions ([@bib27]; [@bib30]). In contrast, the role of PAK2 in cell--matrix adhesion is less well understood, with its localization to cell--matrix adhesions occurring primarily in cancer cell lines or migratory cells with large lamellipodial protrusions ([@bib11]; [@bib12]). To determine if the effects we observed in our studies could be an indirect result of an effect of PAK2 on cell--matrix events, we tested whether active PAK2 localizes to focal adhesions and/or focal adhesion dynamics. Active PAK2 localized to cell--cell contacts but did not localize to cell--matrix adhesions ([Fig. 1, D and E](#fig1){ref-type="fig"}). Moreover, inhibiting PAK2 had no effect on focal adhesion size or number (Fig. S1 F). Thus, our data are consistent with a role of PAK2 that is independent of cell--matrix adhesion. In further support of this notion, we ([@bib4]) and others ([@bib5]) have found that other signaling components of the E-cadherin contractility pathway are stimulated independently of cell--matrix adhesive events.

We were curious whether cells lacking PAK2 would uptake glucose when force was applied. Previously, we reported that application of force to E-cadherin stimulates the uptake of glucose and its metabolism to ATP. The resulting increases in ATP were required to support the actin cytoskeletal rearrangements necessary for the cell to resist force. We further observed that force-stimulated glucose uptake required AMPK activation ([@bib4]). It has remained unclear whether AMPK directly stimulates the uptake of glucose or signals for downstream cytoskeletal rearrangements that require glucose. In the PAK2 knockdown cells employed in this study, AMPK activation is intact, but the force-induced cytoskeletal rearrangements are perturbed ([Fig. 3 C](#fig3){ref-type="fig"}), thereby providing us with a cell system to distinguish whether force-induced glucose uptake is stimulated directly by AMPK or indirectly via the increased metabolic demand necessary to support the actin cytoskeleton. To distinguish between these possibilities, we monitored force-stimulated glucose uptake in the PAK2 knockdown cells. Our data in [Fig. 3 B](#fig3){ref-type="fig"} indicate that shPAK2 cells lines do not take up glucose in response to application of shear stress. Thus, force stimulates AMPK, which triggers downstream cytoskeletal rearrangements, which signal for more glucose uptake. More work is needed to determine how the cytoskeletal rearrangements signal for increased glucose uptake.

It is notable that AMPK binding protects PAK2 from cleavage ([Fig. 7 C](#fig7){ref-type="fig"}). In other systems, death stimuli increase PAK2 proteolysis into a cleavage fragment that translocates to the nucleus and increases the transcription of proapoptotic genes. Our data demonstrate for the first time that AMPK binds directly to PAK2 ([Fig. 2 B](#fig2){ref-type="fig"}). Additional in vitro data, which was confirmed in cell lines, indicates that this binding event protects PAK2 from cleavage by caspases ([Fig. 7, A and B](#fig7){ref-type="fig"}). Thus, AMPK is a novel PAK2 binding partner, and this interaction prevents PAK2 from proteolysis. Only one other protein is known to have a similar function. Huntington, the protein that causes Huntington's disease when mutated to include a polyglutamine expansion, protects cells from Fas-induced apoptosis by binding to PAK2 and preventing its cleavage ([@bib24]). Thus, protein binding is emerging as a mechanism to protect PAK2 from destruction. This new information calls for a reevaluation of other binding partners and their potential to protect PAK2 against cleavage.

This newly described role for AMPK in protecting PAK2 from caspase-mediated cleavage suggests that AMPK has multiple roles in a cell under force. Previously, we reported that AMPK is recruited and activated to the E-cadherin adhesion complex in response to force ([@bib4]). One consequence of recruitment was an increase in glucose uptake and the metabolism of glucose to ATP. The resulting ATP provided the energy necessary to reinforce the actin cytoskeleton and prevent force-induced cellular deformation ([@bib4]). Here we show that an additional role for AMPK is to recruit, activate, and protect PAK2 ([Fig. 2, A--E](#fig2){ref-type="fig"}; and [Fig. 7, A and B](#fig7){ref-type="fig"}). The consequence of PAK2 is a protection against forced-induce cell death ([Fig. 6, E and F](#fig6){ref-type="fig"}). Collectively, these findings suggest the existence of a single, highly integrated mechanosignaling pathway downstream of E-cadherin that allows the cell to withstand force by elevating contractility, heightening metabolism, and ensuring survival. A key component of this pathway is AMPK, which not only stimulates metabolism but also controls cell survival. The existence of such a pathway suggests that the cell, like the organism itself, is capable of responding to environmental conditions to adjust its metabolism and ensure its survival. This new information can serve as a platform for understanding how diseases with mechanical, metabolic, and survival disturbances develop and progress.

Materials and methods {#s11}
=====================

cDNAs and viral particles {#s12}
-------------------------

shRNA lentiviral particles targeting PAK2 and AMPK were purchased from Santa Cruz (36183-V denoted shPAK2.2 and 29673-V denoted shAMPK; [@bib4]). Endogenous PAK2 was silenced using pSUPER-shPAK2, a cDNA that was generated by annealing and subcloning oligonucleotides targeting the human 3′ UTR of PAK2 into the retroviral vector, pSUPER-RETRO PURO (Oligoengine). The sequences used were 5′-GAT​CCC​CCT​GCA​TAA​CCT​GAA​TGA​AAT​TCA​AGA​GAT​TTC​ATT​CAG​GTT​ATG​CAG​TTT​TTA-3′ and 5′-AGC​TTA​AAA​ACT​GCA​TAA​CCT​GAA​TGA​AAT​CTC​TTG​AAT​TTC​ATT​CAG​GTT​ATG​CAG​GGG-3′. Cells expressing pSUPER-shPAK2 are denoted shPAK2 cells. As a control, a scramble oligonucleotide of the PAK2 sequence was also used: 5′-GAT​CCC​CCT​GCA​TAA​CCT​GAA​TGA​AAT​TCA​AGA​GAT​TTC​ATT​CAG​GTT​ATG​CAG​TTT​TTA-3′ and 5′-AGC​TTA​AAA​AAC​TGC​ATA​ACC​TGA​ATG​AAA​TCT​CTT​GAA​TTT​CAT​TCA​GGT​TAT​GCA​GGG​G-3′ (denoted scPAK2). The PAK2 mutant (D212E) and (T402E) mutant was synthesized and cloned into the Clontech retroviral vector pLCNX^2^ by GenScript.

Cell lines {#s13}
----------

MCF10A human breast epithelial cells and primary human bronchial epithelial cells were acquired from ATCC and Lonza. MCF10A cells were cultured in DMEM/F12 (1:1) medium with 5% horse serum, 10 µg/ml insulin, 500 U of penicillin/streptomycin, 100 ng/ml cholera toxin, 20 ng/ml EGF, and 0.5 mg/ml hydrocortisone. Cell lines were used for ≤10 passages. In addition, the virus-producing cell line 293GPG, a derivative of 293T cells, was used and maintained as described previously ([@bib26]; [@bib3]). Briefly, 293GPG cells were grown in DMEM including 10% heat-inactivated FBS, 20 mM Hepes, 0.5 mg/ml G418, 1 µg/ml tetracycline, 2 µg/ml puromycin, 2 mM [l]{.smallcaps}-glutamine, and 500 U of penicillin/streptomycin. For retrovirus production, 293GPG cells were cultured in virus-producing medium including DMEM with 10% heat-inactivated FBS, 20 mM Hepes, 500 U penicillin/streptomycin, and 2 mM [l]{.smallcaps}-glutamine. To generate shPAK2 cells or scPAK2, the virus-producing cell line 293GPG was transfected with the pSUPER-shPAK2 or pSUPER-scPAK2 construct, respectively. Virus was collected for 5 d and concentrated using high-speed centrifugation. MCF10A human breast epithelial cells were infected with the concentrated virus and selected with puromycin. To generate shPAK2.2 cells, MCF10A cells were infected with the purchased lentiviral particles targeting PAK2, and the cells were selected with puromycin. To generate shPAK2 cells reexpressing WT PAK2 or D212E PAK2, 293GPG cells were transfected with the pLCNX^2^-WT PAK2 or pLCNX^2^-D212E PAK2 construct. Virus was collected and concentrated as previously described. shPAK2 cells were infected with the concentrated virus and selected with G418. shAMPK, shAMPK.2, and scAMPK cells were generated using commercially available lentiviral particles. MCF10A cells were infected with the lentiviral particles targeting AMPK or lentiviral particles containing a scramble shRNA against AMPK. The cells were then selected with puromycin. To generate the shAMPK cells expressing WT-PAK2, D212E-PAK2, and T402E-PAK2, 293GPG cells were transfected with the pLCNX^2^-WT PAK2, pLCNX^2^-D212E PAK2, or pLCNX^2^-T402E PAK2 construct, and virus was collected and concentrated. Following virus concentration, shAMPK cells were infected and selected with G418.

Magnetic bead force assays {#s14}
--------------------------

1.5 mg of Dynabeads Protein A (Invitrogen) were incubated with 10 µg of Fc-E-cadherin (Acro Biosystems). The beads were allowed to adhere to confluent cells at 37°C for 40 min. Tensional force was applied for 10 min using a permanent ceramic magnet placed at a distance of 0.6 cm from the cell surface. Following application of force, the cells were immediately lysed using 2× Laemmli sample buffer. As controls, cells were pretreated with blebbistatin (50 µM; Sigma) or HECD-1 (200 µg/ml; Invitrogen) for 2 h.

Orbital shear stress {#s15}
--------------------

Tissue culture dishes containing medium were placed on an orbital shaker and rotated at the indicated rpm for 37°C for 2 h. The cells were placed on ice, washed in ice-cold PBS, and lysed in 2× sample buffer.

Calyculin A treatment {#s16}
---------------------

Confluent cells were treated with 5 nM of Calyculin A (Cell Signaling) for 40 min, transferred to ice, and immediately lysed using 2× Laemmli sample buffer.

Immunoprecipitation {#s17}
-------------------

To immunoprecipitate PAK2 or AMPK, cells were lysed in EB buffer (1 mM Tris-HCl, pH 7.6, 50 mM NaCl, 1% Triton X-100, 5 mM EDTA, 50 mM NaF, 20 µg/ml aprotinin, 2 mM Na~3~VO~4~, and 1 mM PMSF). A 1:100 dilution of an antibody against PAK2 (2608; Cell Signaling) or AMPK (2532; Cell Signaling) was incubated with lysates for 1.5 h. The complexes were recovered using Protein A agarose beads (Sigma), washed extensively, resuspended in Laemmli sample buffer, and analyzed by immunoblotting.

Pulldown assays {#s18}
---------------

Following application of tensional forces as described above, the cells were lysed in lysis buffer (20 mM Tris, pH 7.6, 150 mM NaCl, 0.1% NP-40, 2 mM MgCl~2~, and 20 µg/ml aprotinin). Fc-cadherin--coated beads were recovered from the cell lysates using a permanent ceramic magnetic, washed in lysis buffer, and then resuspended in Laemmli sample buffer.

Immunoblotting {#s19}
--------------

Samples were fractioned by SDS-PAGE and transferred to PVDF (Immobilon). The resulting membranes were blocked in 5% milk (E-cadherin, vinculin, and p34) or 5% BSA (PAK1, pPAK1, PAK2, pPAK2, AMPK, BAD, Abl, pCrkl, Crkl, and cleaved PAK2). PAK1, pPAK1, PAK2, and pPAK2 were recognized with rabbit polyclonal antibodies from Cell Signaling (2602, 2605, 2608, and 2607, respectively). Abl kinase was recognized using a rabbit polyclonal antibody from Santa Cruz (clone K-12). E-cadherin was recognized using a mouse monoclonal antibody from BD Biosciences. Vinculin was detected using a mouse monoclonal vinculin antibody (hVin1; Sigma). Bad was recognized using a rabbit monoclonal antibody from Cell Signaling (9239). AMPK was detected using a rabbit polyclonal antibody from Cell Signaling (2532). pCrkl was recognized using a rabbit antibody from Cell Signaling (3181), while Crkl was recognized via a mouse antibody from Santa Cruz (C-20). Cleaved PAK2 was detected using a mouse monoclonal antibody that recognizes the C terminus of PAK2 at an epitope located between residues 497 and 522 (sc-737340; Santa Cruz).

3D atomic force microscopy {#s20}
--------------------------

Cells were incubated with 1.5 mg of Dynabeads Protein A (Invitrogen) with 10 µg of Fc-E-cadherin (Acro Biosystems). A tensile pulse of force (1 V) was applied to the cells, and bead displacement was monitored using live-cell imaging. A total of 90 beads adhered to cells were analyzed for all cell lines.

Immunofluorescence {#s21}
------------------

Cells were fixed in 4% PFA in PBS, permeabilized in 0.5% Triton X-100 in universal buffer (UB; 150 mM NaCl, 50 mM Tris, pH 7.6, and 0.01% NaN~3~), and washed in UB. Cells were blocked with 10% BSA in UB, incubated with a primary antibody, washed in UB, and then incubated with secondary antibody. F-actin was detected using phalloidin conjugated with Texas Red. E-cadherin was stained using mouse HECD-1 (Invitrogen) followed by FITC-conjugated goat anti-mouse IgG (H+L; Jackson ImmunoResearch Laboratories). To examine PAK2 and pPAK2, cells were fixed and permeabilized in a methanol/acetate solution and washed in PBS. Cells were blocked in 10% goat serum in PBS. PAK2 was visualized using mouse yPAK2 (E-9; Santa Cruz) followed by FITC-conjugated goat anti-mouse IgG (H+L; Jackson ImmunoResearch Laboratories). pPAK2 was stained using a rabbit phospho-specific PAK2 antibody (Cell Signaling) and Texas Red--conjugated donkey anti-rabbit IgG (H+L; Jackson ImmunoResearch Laboratories). Fluorescence images were captured using a confocal microscope (model LSM710; Zeiss) with a 40×/NA 1.4 oil objective at room temperature. DAPI, anti-mouse Alexa Fluor 488, anti-rabbit Alexa Fluor 488, anti-rabbit Alexa Fluor 594, and anti-mouse Alexa Fluor 594 fluorochromes were used. Images were acquired using Zeiss ZEN 2012 Digital Imaging acquisition software. Quantifications of fluorescence intensity at cell--cell junctions were made using ImageJ software (National Institutes of Health). 50 junctions were chosen at random and measured over at least five fields of view with the data analyzer blinded to image identity. Graphs depict the corrected fluorescence intensity of regions of interest. Data are represented as a box-and-whisker plot with 90th to 10th percentiles shown.

In vitro binding assays {#s22}
-----------------------

Purified GST-PAK2 (Abcam), His-AMPK (Abcam), and His-Abl (MBL) were incubated in lysis buffer (20 mM Tris, pH 7.6, 150 mM NaCl, 0.1% NP-40, 2 mM MgCl~2~, and 20 µg/ml aprotinin). PAK2 was recovered using glutathione-sepharose beads (Sigma) and resuspended in 2× sample buffer.

In vitro kinase assay {#s23}
---------------------

Purified GST-PAK2 and His-AMPK were incubated in in vitro kinase buffer (20 mM Pipes, pH 7.0, 20 µg aprotinin/ml, 10 mM MnCl~2~, and 1 mM ATP). The reaction was terminated in 2× sample buffer.

In vitro cleavage assay {#s24}
-----------------------

Purified GST-PAK2 was incubated with or without His-AMPK in the presence of purified, active caspase-3 (Abcam) in in vitro cleavage buffer (50 mM Hepes, 50 mM NaCl, 10 mM DTT, 1 mM EDTA, and 5% glycerol) at 4°C. The reaction was terminated in 2× Laemmli sample buffer.

Apoptosis assays {#s25}
----------------

Cells were subjected to shear stress (200 rpm for 2 h) or left resting. To quantify apoptosis using annexin V staining, the cells were trypsinized, washed with PBS, and stained with APC-annexin V (556547; BD Biosciences). The cells were sorted for annexin V and Hoechst 33258 for cell death and cell viability on a BD Biosciences LSR II with UV instrument.

Glucose uptake assays {#s26}
---------------------

Glucose uptake was measured using a kit from Cayman Chemical (600470). 1.0 × 10^5^ cells/well were plated in 24-well plates. Cells were transferred to PBS, and 33 µg of 2-NBDG, a fluorescently tagged glucose derivative, was added. Shear stress was applied to the cells for 2 h, and then the cells recovered for 10 min. The cells were transferred to ice and lysed in 250 µl of 10 mM Tris, pH 7.4, 50 mM NaCl, 5 mM EDTA, 50 mM NaF, 1% Triton X-100, and protease inhibitors. The lysates were clarified by centrifugation at 12,000 rpm for 5 min at 4°C. The supernatant was collected, and an equal volume of Cell-Based Assay Buffer (10009322; Cayman Chemical) was added. 100 µl of the solution was loaded into a 96-well plate in triplicate, and the fluorescence at 485/535 nm was measured. The glucose uptake concentration was determined using a standard curve. Results are reported as micrograms per milliliter per 10^5^ cells.

Statistics and reproducibility {#s27}
------------------------------

Statistical differences were analyzed using two-tailed unpaired Student *t* tests. Experiments were done at least three independent times, and key findings were replicated by at least two authors.

Online supplemental material {#s28}
----------------------------

The supplemental material contains a characterization of the process described in the article. Fig. S1 contains a characterization of PAK2 activation. Specifically, data are presented showing force induced PAK2 activation monitored by different phosphospecific antibodies and PAK2 activation in different cell lines. Additionally, data are presented showing the specificity of PAK2 activation as well as PAK2 localization to cell--cell, but not cell--matrix, adhesions. Fig. S2 contains in vitro data demonstrating direct binding between AMPK and Abl as well as AMPK-mediated phosphorylation of PAK2. Data are also presented showing the effects of AMPK on PAK2 cleavage and the effects of loss of PAK2 on Bad levels.
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